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Chapter 1 Introduction 
 
   Steam turbines are important components in thermal, geothermal, combined cycle, and nuclear power 
plants. Because of the rapid increase of electric power demand across the world, steam turbines must be 
improved for the high-efficiency and high-performance. Lengthening the low-pressure final rotor blade is 
one way to improve the efficiency of steam turbines. Lengthening the final rotor blades increases the 
annular area and reduces the outflow of kinetic energy, thereby reducing the exhaust loss. However, the 
flow field behaves quite differently at the blade hub and tip, and the flow speed becomes locally supersonic, 
which induces shock waves. In addition, condensation occurs at the low-pressure stages. Almost all steam 
turbines used for power generation are condensing in them where steam at the outlet of the last LP stage 
expands into near-vacuum. Consequently, a wet steam flow comprising a gas phase and a liquid phase 
develops. In thermal power plants, the wet steam flow appears in the LP stages. The condensation is 
dominated by nonequilibrium process and the wetness loss due to the condensation is one of the most 
critical losses in steam turbine low-pressure stages. Wet-steam flows including condensed water droplets in 
steam turbines are quite complicated and have not been sufficiently understood yet. In addition, it is 
difficult to analyze such complicated transonic wet-steam flows in steam turbines only with experiments.  
   Our research group has developed a numerical code which can consider 2- and 3-D unsteady wet-steam 
flows through turbine multi-stages. In this study, unsteady 3-D wet-steam flows through three-stage stator 
and rotor in a turbine model and in a real low-pressure steam turbine are numerically investigated. 
Understanding the mechanism of interactions among condensed water droplets, unsteady wakes, vortices, 
and shocks in the flows is mainly focused on in this thesis. 
 
Chapter 2 Numerical Simulation of Unsteady Equilibrium Condensation Flow through a Three-Stage 
Turbine Model 
 
   In chapter 2, the unsteady 3-D dry- and wet-steam flows through a three-stage turbine model developed 
by Mitsubishi Heavy Industries (MHI) is numerically investigated. The fundamental equations for 
wet-steam flows through stator-rotor blade rows consist of conservation laws of the total density, 
momentums, total energy, the density of water liquid, and the number density of water droplets and they are 
coupled with SST turbulence model with relative velocities in general curvilinear coordinates. The 
high-order high-resolution finite-difference method based on the forth-order compact MUSCL TVD 
scheme and the Roe’s approximate Riemann solver are used for space discretization of convection terms. 
The viscosity term is calculated by the second-order central-difference scheme. The LU-SGS scheme is 
employed for the time integration. 
   In the wet-steam condition of the experiment conducted by MHI, wet steam as the working gas is 
produced by spraying micro-scale water droplets to the dry-steam flow streaming into the inlet of first-stage 
stator. Therefore, the equilibrium condensation is assumed and droplet nucleation is negligible in this 
calculations. The original grid system and newly modified grid system are used.  
   First, as flow conditions, dry and wet steams are assumed with a different grid system and different grid 
points, and the differences among those grid system and grid points are estimated for the validation of the 
present method. The new meshing strategy employed in this study can improve the prediction of the total 
pressure distributions, the yaw angles of flow velocity vectors and pitch angles. The modified coarse grid 
computation can simulate the total and static pressures and the pitch angles accurately as well as those 
obtained by the fine grid computation. The yaw angles of flow velocity vectors obtained by the coarse grid 
computation except near the tip and hub end-walls are also affordable. To improve the prediction accuracy 
of yaw angles of coarse grid computation, the leakage flows are practically considered as boundary 
conditions. The mass flow rate of leakage flows are defined as the ratio against the mass flow rate of main 
flow. Considering leakage flow with 0.5 % and 1.0 % of main flow, the computational results of yaw angle 
of flow velocity vectors are improved near the tip region. However, with more increase of mass flow rate of 
leakage flow, the discrepancy with experiment results is increased. On the other hand, the prediction of 
pitch angles near the hub regions becomes worse with considering leakage flow. It indicates that the mass 
flow rate of leakage flow should be defined individually at each boundary to improve the accuracy. The 
coarse grid system is reasonable to predict the pressure fields bud the fine grid system is necessary to 
analyze the details of flow characteristics such as wakes. 
   Next, instantaneous condensate mass fractions in the wet-steam condition were visualized. The wetness 
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of 4.8% at the inlet was increased up to 7.6% at the outlet of third-stage rotor. Those values at the cross 
section of third-stage rotor blade rows indicate that the maximum value is located at the centre of flow 
passage, and that the value is relatively lower at the zonal area affected by the incoming wake and 
secondary vortices near the shroud and hub end-walls.  
 
Chapter 3 Numerical Simulation of Unsteady Nonequilibrium Condensation Flow through a 
Three-Stage Turbine Model 
    
   In chapter 3, the present method is applied to the unsteady 3-D wet-steam flows through the three-stage 
stator-rotor blade rows in a steam turbine model assuming nonequilibrium condensation with different two 
inlet flow conditions. Because there is no experimental result considering nonequilibrium condensation, 
only numerical results are explained. The calculated results are compared with each other. Instantaneous 
condensate mass fractions are visualized at different spans and cross sections in the three-stage stator and 
rotor blade rows. The instantaneous condensate mass fraction contours shows that the onset of 
condensation starts at first-stage rotor in the case of higher super-cool rate at inlet and at the second stage 
rotor in the case of lower super-cool rate at inlet. And calculated results indicate that nonequilibrium 
condensation is certainly influenced by unsteady flow characteristics, especially wakes and corner vortices. 
Condensation is rapidly started by homogeneous nucleation and the condensed water droplets grow quickly 
after the onset of condensation. After this nonequilibrium process, condensation reaches almost equilibrium 
process, which is shown by P-T curves from the inlet to outlet. As the water droplets are growing 
downward, those droplets near hub and shroud tend to move inner region because of corner vortices. Then, 
the value of condensate mass fraction at the inner region becomes averagely higher than those of hub and 
shroud. However, the visualized instantaneous condensate mass fractions and the time series of those local 
values indicate that the fluctuation is more distinguished near hub and shroud. Especially the maximum 
peak values near shroud at the outlet of third-stage rotor exceeds the value at the mid span instantaneously 
and periodically in the present case, although the averaged value near shroud is much lower than that at mid 
span. This value reached to 4.8% which is the highest value in the present cases with a super-cooled 
condition. 
 
Chapter 4 Numerical Simulation of Unsteady 3-D Wet-Steam Flow in a Real Steam Turbine LP Final 
Three Stages 
 
   In chapter 4, the present method is extended to the simulation of a practical unsteady 3-D wet-steam 
flow through stator-rotor blade rows in a real low-pressure steam turbine final three stages developed by 
MHI. The final rotor blade is 36 inch long blade. The inlet condition specifies almost a saturated condition. 
The numerical results of total pressure and static pressure at the inlet of first-stage stator, the outlet of 
first-stage rotor, second-stage rotor, and third-stage rotor; yaw angles of flow velocity at the outlet of 
first-stage rotor, second-stage rotor, and third-stage rotor are compared with experimental results. Those 
numerical results are in good agreement with experiments except for the pressures at the outlet of 
first-stage rotor and second-stage rotor. One of the reasons may be the overestimation of latent heat 
released by condensation. 
   The visualized Mach number contours show that the Mach number exceeds 1.0 at the tip region of third 
stage rotor and oblique shock is generated. The oblique shock is reflected at the next rotor blade surface. 
And the visualized present results indicate that condensed water droplets are deeply influenced by wake 
and vortex interactions generated from stator and rotor blade rows in all three stages. Unsteady localization 
of the water droplets were observed in the final stage stator and rotor passages. In addition, the localized 
water droplets are further interacted with oblique shocks generated in the rotor passages. The condensate 
mass fraction increases rapidly at third stage rotor tip passages and then rapidly decreases. It is because of 
the localized increase of temperature and pressure due to oblique shock. Consequently, the unsteady motion 
of wetness in the third-stage long rotor blade rows is much more complicated than that obtained in the 
former study shown in Chapter 3. 
 
Chapter 5 Numerical Simulation of Unsteady 3-D Wet-Steam Flow in a Real Steam Turbine LP Final 
Three Stages Considering Blade Number 
 
   In steam turbines, flows are basically non-uniform in a circmferential direction. Therefore, considering 
blade number in calculations is necessary to understand real physics in steam turbines including 
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condensation. In this study, a parallel computing method using Message Passing Interface (MPI) at the 
sliding boundary conditions for large-scale computations of flows through multiple steam turbine cascade 
channels is introduced and implemented in the computational code. The modified code is further applied to 
flows through a low pressure final three stages with 36 inch blades in the real 105MW power steam turbine 
developed by MHI. In this chapter, the study in Chapter 4 is extended to the investigation how the blade 
number affects the flow field and the condensation obtained in the former study assuming a same blade 
number at each rotor-stator blade row. 
   Dry- and wet-steam conditions are assumed for the simulation. Then, the pressure field of single 
passage and multi passage are almost coincide with each other, and it is basically identical if the cross 
section of blade row passage keeps the same mass flow even though the blade number is different. The 
blade number effect is distinguished especially at the third-stage long rotor blade rows. A block region with 
a higher wetness is released from the rotor blade passage and the phase of periodicity is different in each 
blade passage in the multi passage case. The value of wetness is relatively higher than that in the single 
passage case. Wet-steam flows through final-stage long rotor blade rows are certainly disturbed by the 
stator-rotor flow interactions with the different blade numbers. 
 
Chapter 6 Conclusions 
 
   In this chapter, the conclusions obtained from this study are explained. Briefly, we developed the 
present method to calculate unsteady wet-steam flows through model and real steam turbines, and the 
validity of the present method was clearly shown. And the property of nonequilibrium condensation and the 
interactions between condensation, wakes, vortices and shocks in the multi-stage turbine blade rows were 
shown.  
 
